Exercise intolerance, indicated by dyspnea and fatigue during exertion, is a cardinal manifestation of heart failure (HF).
I
n patients with heart failure (HF), the functional reserve capacity of the integrated metabolic machinery required to perform exercise is impaired at multiple levels. Starting with oxygen (17) (18) (19) .
Submaximal CPET variables (Online Table 1 ) are particularly attractive to study based on ease of To precisely evaluate the functional response to an intervention (i.e., change in peak oxygen uptake with a novel treatment) Malhotra et al.
Cardiopulmonary Exercise Testing
A U G U S T 2 0 1 6 : 6 0 7 -1 6 ascertainment during low-level exercise, relevance to ability to perform activities of daily living, independence from volitional exercise effort, and close relationship to prognosis in HF. We recently reported that O 2 uptake kinetics, as measured by mean response time (MRT) (Online Table 1 , Figure 2A ), were only modestly related to peak VO 2 and more accurately reflected the ability to augment CO during low-level exercise, indicating its complementary role to peak The left panel illustrates representative values for VO 2 at rest (blue bars) and change in VO 2 during maximum incremental exercise (red bars)
for a normal 60-year-old man (5 feet 10 inches and normal body mass index of 21.5) derived using Wasserman's percentage predicted equation (14) . Normal values are depicted in comparison to patients with HFrEF and HFpEF from a recent study that measured individual components of peak VO 2 (11 CPET evaluation should start with an assessment of whether there was maximum volitional effort, as indicated by RER >1.0 to 1.1. Heart rate >85% of predicted also signals maximum effort but is often not achieved in patients with HF on nodal agents and/or with chronotropic incompetence. VO 2 responses: peak VO 2 remains the gold standard metric of fitness and should be a focal point of CPET interpretation if maximum effort was achieved. Peak VO 2 <14 ml/kg/min purports poor prognosis (5,6), although a lower threshold value of <12 ml/kg/min should be used in patients tolerating beta-blockade (8) . For young patients and those with high or low BMI, peak VO 2 should be interpreted as a % of predicted, with values <w50% indicating a poor prognosis (15) . For patients who do not achieve maximum effort, the focus should shift to O 2 uptake variables that are independent of volitional effort (i.e., OUES <1.4 and VO 2 at VT <9 ml/kg/min indicating a poor prognosis) (19) . Hemodynamic responses:
failure to achieve SBP >120 mm Hg (63) and failure to augment SBP with exercise is associated with poor prognosis, particularly when coupled with a peak VO 2 <14 ml/kg/min (63) or reduced cardiac output augmentation (64) . Both chronotropic incompetence and slow heart rate recovery (<6 beats/min) also purport a poor prognosis (65 Malhotra et al.
as indicated by a respiratory exchange ratio (RER) <1.0 to 1.1 (Central Illustration).
VENTILATORY EFFICIENCY AND STABILITY DURING EXERCISE IN HF
The modified alveolar equation describes the determinants of V E /VCO 2 slope (27): Figures 2E and 3 ).
Our group showed that impaired ventilatory efficiency (high V E /VCO 2 slope) was associated with resting and exercise pulmonary vascular resistance and inversely associated with RVEF in HFrEF (28).
Others have related V E /VCO 2 slope to lower tricuspid there is a disproportionate increase in VCO 2 relative to VO 2 that is responsible for the steeper slope of the VCO 2 -VO 2 relationship. The patient with the pattern illustrated by black squares has an earlier VT (less fit) than the patient illustrated by the green diamonds. (C) The ratio of VO 2 and heart rate (termed oxygen pulse) is equal to the product of stroke volume and CavO 2 and most often reflects dynamic conditions that cause premature leveling or decrease in stroke volume in response to exercise (i.e., myocardial ischemia or ventriculovascular uncoupling). The normal response (green diamonds) is contrasted with an abnormal plateau pattern (black diamonds).
(D) The aerobic efficiency panel reflects the relationship of utilization of oxygen (i.e., VO 2 ) to amount of work performed. A normal VO 2 -work rate relationship during the incremental ramp portion of CPET is 10 AE 1.5 ml/min/W. The more efficient individual (green diamonds) demonstrates higher peak VO 2 and VO 2 -work slope, whereas the less efficient individual (black squares) has a slightly lower VO 2 -work slope indicative of greater reliance on anaerobic metabolism to perform work throughout exercise.
This figure also demonstrates the linear relationship that exists between VO 2 and work during incremental ramp CPET. (E) The V E /VCO 2 slope is a measure of the amount of ventilation required to exchange 1 l/min of CO 2 . It reflects ventilation-perfusion matching during exercise as well as neural reflexes controlling dyspnea and hyperventilation. The green diamonds reflect more efficient ventilation (V E /VCO 2 slope 22) in comparison to the black squares (V E /VCO 2 slope 33), indicative of less efficient ventilation. (F) OUES indicates the total amount of oxygen uptake for each equivalent of total ventilation (V E ). VO 2 increases in proportion to the logarithm of V E ; a higher value reflects improved adaptation of the cardiopulmonary circuit to deliver oxygen for a given amount of ventilation. Representative patterns for a more efficient individual (green diamonds) and a less efficient individual (black squares) are depicted. CPET ¼ cardiopulmonary exercise testing; O 2 ¼ oxygen; OUES ¼ oxygen uptake efficiency slope; MRT ¼ mean response time; VCO 2 ¼ carbon dioxide uptake; V E ¼ ventilation; VT ¼ ventilatory threshold; other abbreviations as in Figure 1 .
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Cardiopulmonary Exercise Testing (19, 36, 37) . The presence of periodic breathing purports a poor prognosis, whether at rest (38) , during sleep (39), or during exercise (EOV) (19, 33, 36) .
A discussion of CPET-based multivariate models for determining prognosis in HF is provided in the Online Appendix.
CPET WITH INVASIVE HEMODYNAMIC MONITORING.
CPET coupled with hemodynamic assessment using radial and pulmonary arterial catheters enables highly detailed patient phenotyping. Two patients with HF and identical peak VO 2 values Malhotra et al. When coupled with a steep rise in right atrial pressure and a fall in RVEF, the finding of a PAP plateau suggests that the RV is unable to adequately accommodate increased blood flow to the right heart from the LVAD.
In addition to invasive hemodynamic monitoring,
CPET can be combined with noninvasive cardiac imaging, and a discussion of this is provided in the Online Appendix. CPET also permits precise assessment of volitional effort by determining whether the RER exceeds 1.0 to 1.1 during exercise, indicating that a subject has surpassed his or her anaerobic threshold (14) . Furthermore, peak VO 2 , unlike the 6MWT, has been shown to be immune to a training or familiarization effect with repeated measures in HF (45) .
A direct association between improvement in peak VO 2 and higher survival rates was observed in a study of ambulatory HFrEF patients listed for cardiac transplantation (46) . One meta-analysis found that therapy-induced changes in peak VO 2 in HF clinical trials did not uniformly predict the corresponding intervention's effect on mortality in larger phase 3 trials (47). However, trials in this analysis showing discordant effects of an intervention on
A U G U S T 2 0 1 6 : 6 0 7 -1 6 CPET is commonly used to characterize the physi- glewis@partners.org.
